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Abstract. The impact of the megacities of the world on
global tropospheric ozone, and conversely, the extent to
which megacities are inﬂuenced by emissions of ozone pre-
cursors from outside of the megacities is examined under the
four alternative RCP (“Representative Concentration Path-
way”) emissions scenarios. Despite accounting for about 6%
of present-day anthropogenic emissions of ozone precursor
species, the contribution of emissions from megacities to
global tropospheric ozone is calculated to be 0.84%. By
2100 this contribution falls to between 0.18% and 0.62%
depending on the scenario, with the lower value being for the
most-polluting of the four future emissions scenarios due to
stringent controls on ozone precursor emissions from highly
populated areas combined with a stronger tropospheric back-
ground ozone ﬁeld. The higher end of this range is from the
least-polluting of the four emissions scenarios, due to lower
background tropospheric ozone combined with the use of a
simpler downscaling methodology in the construction of the
scenario, which results in higher emissions from megacities.
Although the absolute impact of megacities on global ozone
is small, an important result of this study is that under all
future scenarios, future air quality in megacities is expected
to be less inﬂuenced by local emissions within the cities, but
instead more inﬂuenced by emission sources outside of the
cities, with mixing ratios of background ozone projected to
play an increasing role in megacity air quality throughout
the 21st century. Assumptions made when downscaling the
emissions scenarios onto the grids used in such modelling
studies can have a large inﬂuence on these results; future
generations of emissions scenarios should include spatially
explicit representations or urban development suitable for air
quality studies using global chemical transport models.
1 Introduction
It is estimated that in 2008, the urban population of the
world exceeded the rural population for the ﬁrst time in his-
tory, with this trend expected to continue (UNFPA, 2007).
Part of this trend is a growth in the number of so-called
“megacities”, which are generally regarded as cities with
more than about 10 million inhabitants. The movement of
human populations and their associated emissions of tro-
pospheric ozone precursor species into such geographically
small regions creates “hotspots” of air pollution. Two recent
European Union research projects, CityZen and MEGAPOLI
have investigated the local, regional, and global implications
of these pollution hotspots through their effects on the at-
mospheric budgets of particles, reactive nitrogen, and tropo-
spheric ozone. In particular, tropospheric ozone is the most
important form of pollution responsible for reduced crop
yields, as well as having adverse effects on human health
and contributing to radiative forcing of the climate system
(UNEP, 2011).
The high population density in urban areas can lead to en-
ergy efﬁciencies which have the potential to reduce the per
capita emissions of their inhabitants (Grimm et al., 2008),
with potential consequences for global air quality. In the
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developed world, there have been very strong recent im-
provements in air pollutant emissions due to strengthening
of legislation. Despite substantial increases in population and
vehicle trafﬁc, air quality in North American megacities has
improved substantially over the last ﬁve decades (Parrish
et al., 2011). In the USA between 1990 and 2008, total emis-
sions of toxic pollutants (as deﬁned by the US Clean Air
Act) declined by 41% (EPA, 2010). Efforts to reduce emis-
sions in urbanised areas of the developed world have been
so successful that many studies now suggest an inﬂuence of
regional and long range transport of ozone and its precur-
sors on ozone air quality in these areas (Jacob et al., 1999;
Parrish et al., 2010; Yoshitomi et al., 2011). The developing
world has yet to catch up to these standards; air quality in the
megacities of the developing world can be especially poor
(Gurjar et al., 2008).
So far there have been few studies examining the effects
of megacity emission hotspots on atmospheric chemistry at
the global scale, and none examining the extent to which
megacities are inﬂuenced by external pollution sources us-
ing global modelling frameworks. Mayer et al. (2000) incor-
porated a parameterised form of urban photochemistry into
a global, two dimensional climate model with background
tropospheric photochemistry in order to study the effects of
urban emissions processing on global atmospheric compo-
sition. They did not speciﬁcally investigate the contribution
of megacities, but rather studied the effects of urban areas
in general, ﬁnding that incorporation of the effects of urban
chemistry in their model reduced the amount of tropospheric
ozone compared to model runs in which the effects of urban
chemistry were not included.
Taking a different approach, Lawrence et al. (2007) used a
global, three dimensional transport model to investigate the
transport of pollutants away from megacities and other large
population centres. Their model did not include any atmo-
sphericchemistry,butratheremployedtracerswithﬁxedlife-
times of 1, 10, and 100 days. They found large differences in
the regional pollution potentials of the various megacities,
and that differences in the amount of vertical transport from
megacities play a large role in determining the local dilution
of emissions in the vicinity of megacities as well as the extent
of the transport of pollutants away from megacities.
Butler and Lawrence (2009) used a global, three dimen-
sional transport model with interactive NMHC chemistry in
order to investigate the effects of emissions from megaci-
ties on global atmospheric composition. They employed an
“annihilation” methodology, in which the emissions from a
set of pre-identiﬁed megacity grid cells were removed from
the model emission inventory, altering the total global emis-
sions of ozone precursor species. Comparing their annihila-
tion run with a control run using the unaltered emission in-
ventory, Butler and Lawrence (2009) showed that the inﬂu-
ence of megacities on tropospheric ozone was disproportion-
ately small compared to their share of the total global emis-
sion of ozone precursors.
The present study goes beyond this previous work, and ex-
amines the sensitivity of ozone in megacity grid cells to local
emissionsbyemployinganew“redistribution”methodology,
in which anthropogenic emissions from megacity grid cells
in the emission inventory are not simply annihilated, but are
rather reduced by a small amount, which is then redistributed
throughout the remainder of the country in which the megac-
ity is located according to the pre-existing emissions distri-
bution present in the inventory for that country. Additionally,
the present study makes use of the four updated emissions
projections (“Representative Concentration pathways”) for
the upcoming IPCC AR5 report, and investigates the effects
of the different characteristics of these emissions projections
on the impact of megacities on tropospheric ozone.
In Sect. 2 the emissions datasets are described, including
the methodology for redistribution of megacity emissions,
and the characteristics of the emissions data which inﬂu-
ence the representation of megacities are analysed. In Sect. 3
the modelling tools are described, including the methodol-
ogy used to redistribute the megacity emissions for sensitiv-
ity studies. Results are presented in Sect. 4, and conclusions
in Sect. 5.
2 Megacity emissions
2.1 Global emission datasets
The global emissions datasets used in this study are derived
from the RCP (Representative Concentration Pathway, Moss
et al., 2010; van Vuuren et al., 2011a) emissions, which
are used as input for the CMIP5 (Coupled Model Intercom-
parison Project, 5) study, which includes a set of coupled
chemistry-climatesimulationswhichwill(atthetimeofwrit-
ing)beusedasinputfortheIPCCﬁfthassessmentreport,due
to be published in 2013. As described in Moss et al. (2010)
and van Vuuren et al. (2011a), the RCP scenarios were se-
lected from several available scenarios, with the goal of
providing a set of scenarios which represents the range of
projected 21st century radiative forcing currently present in
the scenario literature. There are four sets of RCP emis-
sions available, which are named according to the change
in radiative forcing in the year 2100 compared with pre-
industrial levels simulated by global climate models when
forced with these emissions: RCP-2.6 (van Vuuren et al.,
2011b); RCP-4.5 (Thomson et al., 2011); RCP-6.0 (Masui
et al., 2011); and RCP-8.5 (Riahi et al., 2011).
The RCP-8.5 scenario, for example, leads to a global ra-
diative forcing of 8.5Wm−2 by the year 2100. This scenario
is a so-called “baseline”, or “business as usual” scenario, in
which no speciﬁc measures to limit emissions of greenhouse
gasesareincluded.Thisscenarioemphasiseshighpopulation
growth and low income in developing countries, with a lower
rateoftechnologydevelopment,acontinuingrelianceonfos-
sil fuels, and rapidly increasing atmospheric concentrations
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of greenhouse gases. This scenario is representative of the
higher end of radiative forcing estimates present in the sce-
nario literature (van Vuuren et al., 2011a). The RCP-2.6 sce-
nario leads to a global radiative forcing of 2.6Wm−2 by
2100. This scenario is representative of literature on climate
mitigation scenarios which aim to limit the increase in global
average temperature due to human activity to 2 ◦C. This goal
is met with efﬁciency improvements, capture and sequestra-
tion of carbon dioxide, and increased use of nuclear and re-
newable energy. The RCP-2.6 scenario includes a peak in
radiative forcing of 3Wm−2 in the middle of the 21st cen-
tury, followed by a decline thereafter. For this reason it is
sometimes also referred to as RCP-3PD (Peak and Decline,
van Vuuren et al., 2011a). The RCP-4.5 and RCP-6.0 sce-
narios can be considered intermediate mitigation scenarios,
leading to stabilisation of greenhouse gas concentrations at
target levels by the end of the 21st century without any over-
shoot (van Vuuren et al., 2011a).
The RCP scenarios were selected to provide a represen-
tative range of radiative forcings for use as input to coupled
chemistry-climate models, rather than a representative range
of possible emissions of air pollutants (such as NMVOC
and NOx) for use in air quality studies. Indeed, all four
RCP scenarios assume stricter emission controls on air pol-
lutants with time, leading to lower global emissions by 2100
(van Vuuren et al., 2011a), even if these lower emissions
are achieved through different means: RCP-8.5 assumes that
air quality legislation similar to that from developed nations
will be introduced in the developing world once income rises
above a certain threshold (Riahi et al., 2011); while RCP-
2.6 additionally includes the effects of changes in technol-
ogy as well as reductions of pollutant emissions due to the
co-beneﬁts of measures to reduce greenhouse gas emissions
(van Vuuren et al., 2011b).
The use of the RCP scenarios in the present study, exam-
ining the effects of megacities on atmospheric composition,
necessarily dictates that the results presented here are not
representative of possible futures in which controls on the
emissions of air pollutants are less strict. The RCP scenar-
ios will be the basis for a large number of publications in
the next few years, including the ﬁfth assessment report of
the IPCC, so the examination of the air quality implications
of these scenarios is also of interest. In the absence of sce-
narios speciﬁcally designed to explore alternative urbanisa-
tion pathways, the presently available literature must sufﬁce.
The present study is concerned in particular with the effects
of emissions from megacities on air quality. Previous work
(Butler et al., 2008) has shown that the details of the con-
struction of gridded emissions datasets can have a large ef-
fect on the representation of emissions from megacities. The
present work aims to explore these issues in the set of RCP
scenarios.
Of particular interest are the different downscaling
methodologies used to produce the gridded emissions
datasets from the larger aggregated regions used in the gen-
eration of the scenarios: RCP-2.6 and RCP-4.5 use a simple
proportional downscaling technique for each country (van
Vuuren et al., 2010), in which emissions at all grid points
in a country are assumed to follow the same trend; RCP-8.5
includes spatially explicit changes in the distribution of pop-
ulation and economic activity within each country, and al-
locates legislated emissions reductions preferentially to grid
cells in which population exposure is expected to be high-
est, based on observed trends of emissions reductions from
cities in the USA (Riahi et al., 2011); and RCP-6.0 uses an
intermediate approach, in which only the spatial changes in
population and economic activity are used to downscale the
emissions, with reductions in emissions being applied uni-
formly over each country (Masui et al., 2011).
The emission datasets, gridded at 0.5×0.5 degree reso-
lution were obtained over the world wide web via the URL
http://www.iiasa.ac.at/web-apps/tnt/RcpDb. We use gridded
emissions of CO, NO, and NMVOC. For CH4, we use the
“RCP Concentrations” data available from the same source.
2.2 Identiﬁcation of megacity emissions
Our approach for identiﬁcation of megacity grid cells
in the gridded global emissions is similar to that of
Butler et al. (2008), but has been updated to 0.5×0.5 degree
resolution, made less dependent on the subjective judgement
of the size of each megacity, and extended to include more
megacities. In addition to the megacities included in Butler
et al. (2008), this study adds the cities Santiago, Chile, St. Pe-
tersburg, Russia, and the urban agglomerations of Rhine-
Ruhr, Germany, and Po Valley, Italy.
The method for identiﬁcation of the megacity grid cells is
describedfullyinButleretal.(2011)andissummarisedhere.
Input data are the 2005 emissions from the RCP-8.5 data
set, and the coordinates of megacities taken from the Collins
World Atlas (Harpercollins Reference, 2008). A NOx emis-
sion threshold similar to that used by Mayer et al. (2000) was
used to identify megacity grid cells surrounding these coor-
dinates. The threshold used was 10kg(N)day−1 km−2. The
megacity grid cell mask so identiﬁed based on 2005 emis-
sions was applied consistently for all future simulations of
each of the RCP scenarios.
There were some exceptional cases:
– Some cities had a lower NOx emission than the thresh-
old value and in these cases the grid cell containing
the maximum NOx emissions and any surrounding grid
cells within 10% of these emissions were included.
These exceptions include Istanbul, Lima, Lagos and
Dhaka.
– Hong Kong includes nearby Guangzhou, following But-
ler et al. (2008).
– Shanghai, Beijing and Johannesburg were restricted ac-
cording to the geographical extent of the city (as sur-
rounding regions also had high NOx emissions).
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Table 1. Megacities considered in this study, along with their emissions of NO (Ggyr−1) from the emissions scenarios used in this study.
Emissions for 2005 are from RCP-8.5, while all future years show the range of emissions from all four RCP scenarios.
Country City 2005 2030 2050 2100
Argentina Buenos Aires 67 27–70 19–85 6.2–58
Australia Sydney 97 30–92 8.9–57 8.0–13
Bangladesh Dhaka 17 9.6–43 11–77 4.7–61
Brazil Rio de Janeiro 26 17–31 17–41 6.4–29
Sao Paulo 35 16–38 23–46 2.3–32
Chile Santiago 22 12–22 9.1–24 4.7–15
China Beijing 95 83–130 20–140 0.83–38
Shanghai 270 250–330 35–420 4.3–110
Tianjin 100 89–120 9.3–140 0.40–40
China, Hong Kong SAR Hong Kong 410 300–660 80–840 7.1–360
Egypt Cairo 81 84–170 62–180 8.9–130
France Paris 47 21–38 1.0–27 0.066–19
Germany Ruhr Valley 130 33–100 10–61 4.4–28
India Delhi 84 72–170 44–230 16–89
Kolkata 88 76–170 61–210 25–99
Mumbai 42 42–66 45–68 17–48
Indonesia Jakarta 120 32–280 3.1–430 1.7–160
Iran (Islamic Republic of) Teheran 98 77–150 69–140 8.0–95
Italy Po Valley 220 82–150 29–76 7.2–33
Japan Osaka 72 13–53 4.1–36 0.99–24
Tokyo 140 27–110 12–80 6.3–52
Mexico Mexico City 40 20–41 18–39 1.8–20
Nigeria Lagos 17 18–35 20–36 15–56
Pakistan Karachi 37 32–94 32–130 17–97
Peru Lima 6.4 4.9–8.9 4.4–11 2.4–9.9
Philippines Manila 23 6.6–42 0.64–47 0.21–27
Republic of Korea Seoul 300 93–310 53–190 29–84
Russian Federation Moscow 240 82–210 29–96 0.10–24
St. Petersburg 51 17–52 6.5–18 0.043–5.7
South Africa Johannesburg 87 7.4–97 5.0–97 2.3–100
Thailand Bangkok 60 25–110 22–150 8.9–36
Turkey Istanbul 13 6.2–9.5 4.4–8.7 2.1–5.8
United Kingdom London 120 36–100 2.6–65 0.56–28
United States of America Chicago 130 36–120 20–72 11–28
Los Angeles 160 46–140 27–92 13–33
New York 330 47–290 14–200 6.2–72
– The Po Valley and Rhine-Ruhr regions were added
based on their deﬁnitions within the EU MEGAPOLI
project.
– New York includes New Jersey and Philadelphia
but not Boston or Washington DC, different to
Butler et al. (2008).
The megacities considered in this study are listed in Ta-
ble 1, along with their emissions of NO in 2005, and the
range of projected emissions in 2030, 2050, and 2100 from
the four RCP scenarios. In general, megacity emissions are
projected to decrease in all four RCP scenarios. Despite all
RCP scenarios assuming increasingly stringent air quality
control legislation with time, there are some large differ-
ences between projected emissions from individual cities.
In general, the low end of the range of megacity emissions
is from RCP-8.5, which speciﬁcally assumes lower emis-
sions in highly populated regions as part of its downscal-
ing methodology (Sect. 2.1). Figures S1–S3 of the Supple-
ment to this article show the temporal evolution of individual
megacity emissions between 1900 and 2100 of NO, CO, and
NMVOC. The differences between the emissions from each
RCP scenario are analysed in more detail in Sect. 2.3.
2.3 Analysis of emissions
The time series of the global, annual, historical anthro-
pogenicemissionsofCO2,CO,NO,andNMVOCfrom1900
to 2000, and the projected emissions to 2100 from the four
RCP data sets are shown in Fig. 1. This includes land-based
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Fig. 1. 200yr timeseries of global anthropogenic emissions for CO2, CO, NO, and NMVOC.
sources as well as emissions due to shipping and aircraft. In
the cases of CO, NO, and NMVOC, the historical anthro-
pogenic emissions are taken from the gridded ﬁles described
by Lamarque et al. (2010). The projected future emissions
are taken from the gridded RCP ﬁles described in Sect. 2.1.
Future emissions of CO2 for the four RCP projections are
not available in the gridded ﬁles, so these are taken from a
spreadsheet downloaded from the website given in Sect. 2.1.
Historical emissions of CO2 are taken from the EDGAR-
HYDE emission inventory (version 1.4, van Aardenne et al.,
2001). Compared with emissions of CO2, the projected fu-
ture emissions of CO, NO, and NMVOC show relatively less
divergence between the four sets of RCP projections, con-
sistent with the decoupling of air pollutant emissions from
greenhouse gas emissions in the RCP scenarios, as men-
tioned in Sect. 2.1. In general, however, global emissions
of these ozone precursor species are higher in RCP-8.5 than
in the other scenarios, despite a smaller contribution from
megacities in RCP-8.5 (Sect. 2.2).
Figure 2 shows the evolution of total global NO emissions
through the 21st century broken down into shipping, land-
based (megacity and non-megacity) and aircraft sources.
Under all scenarios, land-based emissions of NO decrease
through the 21st century. Anthropogenic NO emissions un-
dertheRCP-2.6scenariodecreaseespeciallysharplynearthe
end of the 21st century due to an especially large decrease in
the magnitude of aircraft and shipping emissions. Ship emis-
sions of NO remain relatively constant throughout the 21st
century under the RCP-8.5 scenario, and aircraft emissions
even increase.
The percentage of historical and projected future anthro-
pogenic emissions of ozone precursor species due to megac-
ities is shown in Fig. 3. Compared with the large changes in
the global total emissions (Fig. 1), the relative proportion of
global ozone precursor emissions due to megacities remains
relatively constant during the period 1900–2100, with a few
exceptions. The large increase in the megacity percentage of
total anthropogenic NO emissions (Fig. 3) under RCP-2.6 in
thelatterpartofthe21stcenturyisduetothecoincidentlarge
decrease in the contribution of aircraft and shipping emis-
sions under this scenario. The large decrease in the megac-
ity percentage of all ozone precursor emissions in RCP-8.5
(Fig. 3) is due to the relatively sophisticated method of down-
scaling the emissions to the 0.5×0.5◦grid, as discussed in
Sect. 2.1.
The effect of the different downscaling methodologies on
the distribution of emissions is shown in more geographical
detail in Fig. 4, in which the land-based anthropogenic emis-
sions of NO in the year 2100 are compared with those from
the year 2000. The percentage change in emissions is calcu-
lated as (
E2100−E2000
E2000 )×100, where E2000 and E2100 are the
emissions in 2000 and 2100, respectively.
The top two panels in Fig. 4 show this comparison for
aggregated NO emissions from all sectors RCP-2.6 and
RCP-8.5, respectively. In both cases it appears that the
changeinemissionsfrom2000to2100isgeographicallyhet-
erogeneous; within each country there are regions in which
the total NO emissions increase, and regions in which the to-
tal NO emissions decrease. This is not always due to shifts in
the geographical distributions of the emissions in the individ-
ual sectors. To demonstrate this, the bottom panels of Fig. 4
show the same comparison for emissions from only the do-
mestic sector. It is clear that for RCP-2.6, the domestic sector
NO emissions for the year 2100 have been derived from the
domestic sector NO emissions from the year 2000 by sim-
ply multiplying the year 2000 emissions by a constant factor
for each country. This is the effect of the proportional down-
scaling algorithm use in RCP-2.6 and RCP-4.5 (Sect. 2.1).
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Fig. 2. Contribution of ships (red) megacities (green) other land-based sources (blue) and aircraft (yellow) to the total global anthropogenic
emissions of NO.
Fig. 3. Percentage of anthropogenic emissions due to megacities.
Underthesescenariosunderlyingdistributionsforeachemis-
sions sector in each country do not change; the geographical
structure in the changes of emissions over time under RCP-
2.6 and RCP-4.5 is due to the combination of constant coun-
trywide changes in the various emission sectors. The down-
scaling algorithm used in RCP-6.0 is not as complex as that
used in RCP-8.5 (Sect. 2.1); the absence of any assumptions
about which grid cells preferentially receive the beneﬁts of
emissions control legislation do not lead to the same reduc-
tions in the percentage of emissions of ozone precursors due
to megacities in RCP-6.0 as seen in RCP-8.5 (Fig. 3). The
large increase in the megacity percentage of CO emissions
(Fig. 3) under the RCP-6.0 scenario can be explained by an
increase in the CO emissions from Chinese megacities under
this scenario.
In order to assess the effect of the different downscal-
ing methodologies on megacities in our simulations, we per-
form an additional set of model runs based on RCP-8.5, in
which the country total emissions for each sector in each
scenario year are proportionally downscaled similarly to the
RCP-2.6 scenario. This variant on the RCP-8.5 is denoted
as RCP-8.5-P. It is constructed from the original gridded
RCP-8.5 scenario ﬁles by ﬁrst aggregating the emissions
from each sector and each country, and then redistributing
them according to the per-sector and per-country geographi-
cal distribution present in year 2005 of the gridded RCP-8.5.
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Fig. 4. Percentage change in 2100 NO emissions relative to 2000 for RCP-2.6 (left) and RCP-8.5 (right). The top row shows total NO
emissions, and the bottom row shows only emissions from the domestic sector.
3 Modelling approach
Simulations are carried out with the global, three dimen-
sional chemical transport model MATCH-MPIC (Model of
Atmospheric Transport and CHemistry, Max Planck Institute
for Chemistry version. Lawrence et al., 1999; von Kuhlmann
et al., 2003). MATCH-MPIC is run in a semi-ofﬂine mode,
relying only on a limited set of input ﬁelds (surface pres-
sure, geopotential, temperature, horizontal winds, surface la-
tent and sensible heat ﬂuxes, and zonal and meridional wind
stresses). These ﬁelds are used to diagnose online the trans-
port by advection, vertical diffusion and deep convection,
as well as the tropospheric hydrological cycle (water vapour
transport, cloud condensate formation and precipitation). In-
put ﬁelds are taken from the NCEP GFS (National Cen-
ter for Environmental Prediction Global Forecast System).
MATCH-MPIC includes background tropospheric chemical
reactions as well as reactions of anthropogenic and biogenic
NMVOC (Non-Methane Volatile Organic Compounds). This
model has participated in several model intercomparison
studies (Shindell et al., 2006; van Noije et al., 2006; Steven-
son et al., 2006; Prather et al., 2003), and is used regularly
for the planning and analysis of airborne ﬁeld measurement
campaigns (Voigt et al., 2010; Klippel et al., 2011). MATCH-
MPIC has been previously used to study the global impacts
of megacities (Butler and Lawrence, 2009) as well as the dis-
persion of pollution from megacities (Lawrence et al., 2007).
Due to the computational constraints imposed by running
a large number of simulation cases, a relatively coarse model
resolution of T42 (approximately 2.8×2.8◦), with a vertical
resolution of 42 levels is chosen. An advantage of using such
a low resolution is that this enables a broader range of simu-
lations to be done than would be possible with a more highly
resolved model. It is expected that the use of such a coarsely
resolved model with such a highly resolved gridded emis-
sions ﬁeld (0.5×0.5◦) will lead to biases due to the instan-
taneous dilution of the emissions into the model grid cells,
as well as other differences in the resolution of atmospheric
transport, compared with a more highly resolved model.
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In particular, the dilution of NOx emissions resulting from
coarse model resolution is expected to shift the chemical
regime of polluted regions away from the NOx saturated (or
VOC limited) state and towards the NOx limited state (e.g.
Kleinman, 1994; Sillman, 1999). These biases are likely to
be especially strong in the megacity grid cells of the present
study, which are deﬁned in part according to their NOx emis-
sions (Sect. 2.2). Wild and Prather (2006) studied these bi-
ases using a global chemical transport model run at resolu-
tionsrangingfromT21(5.6×5.6◦)toT106(1.1×1.1◦).They
found that the increased NOx limitation in polluted regions
due to higher model resolution tended to reduce local ozone
production in these regions. Comparing changes in ozone
budget terms from a sequence of model runs at T42-T63-
T106 resolution, Wild and Prather (2006) derived values for
the limit of inﬁnite resolution T∞, and used these as the
basis for estimating errors at lower model resolutions. They
estimated that the response of regional ozone production to
emissions perturbations was biased by 13% at T42 resolu-
tion, with the ozone response to increased regional precur-
sor emissions being higher than expected from an inﬁnitely-
resolvedmodel.WildandPrather(2006)alsonotedthatother
model biases, such as errors in emissions, transport pro-
cesses, and chemical mechanisms are more important than
the effects of grid resolution for simulation of regional scale
tropospheric ozone with global chemical transport models.
In the present study, 48 different model runs are per-
formed, each with a duration of 12 months plus a spinup
time of 15 weeks. Simulations of the base year, 2005, use
the RCP-8.5 emissions and simulations of the years 2030,
2050, and 2100 use the four different sets of RCP emis-
sions (RCP-2.6, RCP-4.5, RCP-6.0, and RCP-8.5) as well
as the modiﬁed version of RCP-8.5, RCP-8.5-P. In each
case, for each year and each scenario, three sets of simu-
lations are performed: a “base” set using the standard ver-
sion of the emission dataset; a “masked” set using the ap-
proach of Butler and Lawrence (2009), and a “redistributed”
set using the novel redistribution methodology described
in Sect. 3. Mixing ratios of methane for each simulated
year in each RCP scenario are ﬁxed throughout the entire
model domain at the recommended values from the RCP
website (Sect. 2.1): for the 2005 runs methane is ﬁxed at
1750ppb; the RCP-8.5 runs increase over the 21st century to
3750ppb; the RCP-2.6 runs decrease to 1250ppb; while runs
done for RCP-4.5 and RCP-6.0 initially increase methane
to 1830 and 1890ppb by 2050 before declining to 1580
and 1650ppb by 2100, respectively. All simulations are per-
formed with input meteorology from the year 2005. Bio-
genic emissions of isoprene (350Tg(C)yr−1), along with
soil NO emissions (5.5Tg(N)yr−1) and lightning NO emis-
sions (2.5Tg(N)yr−1) are used for all simulations. All an-
thropogenic NOx emissions are emitted as NO.
Redistribution methodology
Previous work (Butler and Lawrence, 2009) employed the
“annihilation” technique to study the effects of megacity
emissions. Using this technique, the total global emissions
of ozone precursor species are changed, allowing the calcu-
lation of the effect of the removed emissions on the global
mixing ratio of tropospheric ozone. In the model grid cells
close to the regions in which emissions are annihilated, un-
realisticly large changes in the mixing ratios of ozone and
its precursors are produced. In this study, in addition to us-
ing the simple annihilation technique, the local impact of
megacities is also explored by reducing each anthropogenic
emissions sector in the identiﬁed megacity grid cells by
25%, and redistributing these emissions over the country
to which the megacity belongs according to the geographi-
cal distribution of each emissions sector already present in
the emission dataset. This redistribution approach ensures
that the total global emissions of each chemical species in
each emission sector remain constant, which allows the in-
vestigation of the local effects of megacities in more detail.
The 25% change in megacity emissions is similar in mag-
nitude to the 20% change in continent-scale emissions used
by Fiore et al. (2009) to investigate intercontinental source-
receptor relationships for ozone, which is large enough to
provide a clear signal of the response of the system to the
perturbation, while also being small enough to minimise the
nonlinear effects of ozone production chemistry (e.g. Klein-
man, 1994; Sillman, 1999).
4 Results
4.1 Global scale
The global, tropospheric ozone column density from the
2005 base model run is shown in Fig. 5, top panel. The dis-
tribution of tropospheric ozone in this model run largely re-
ﬂects the geographical distribution of ozone precursor emis-
sions,withhighervaluesinthenorthernhemisphere,andpar-
ticularly large values over strong emissions regions in Asia
and North America. This is consistent with previous work
(e.g. Stevenson et al., 2006). The middle and bottom pan-
els of Fig. 5 show the percentage change in the tropospheric
ozone column density from the masked model run and the
percentage change in surface ozone mixing ratio from the re-
distributed run. The masked and redistributed runs will be
discussed in more detail below.
The global, tropospheric ozone column densities from
the base model runs for 2005, 2030, 2050, and 2100 from
RCP-8.5, RCP-8.5-P, RCP-6.0, RCP-4.5, and RCP-2.6 are
given in Table 2, along with the percentage reduction of
this quantity in the corresponding “masked” run. All sce-
narios except for RCP-8.5 and RCP-8.5-P show decreas-
ing tropospheric ozone column density by the year 2100,
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Fig. 5. Top panel: tropospheric ozone column density (×10
18 molecules cm
−2) from the 2005 base model run
(1×10
18 molecules cm
−2 is approximately 37 Dobson Units).
Middle panel: Percentage change in tropospheric ozone column density from the 2005 base model run when
emissions from megacities are masked.
Bottom panel: Percentage change in the surface ozone mixing ratio in the RCP-8.5 simulation for 2005 when
25% of the megacity emissions are redistributed throughout their host countries.
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Fig. 5. Top panel: tropospheric ozone column density (×1018 moleculescm−2) from the 2005 base model run (1×1018 moleculescm−2
is approximately 37 Dobson Units). Middle panel: percentage change in tropospheric ozone column density from the 2005 base model run
when emissions from megacities are masked. Bottom panel: percentage change in the surface ozone mixing ratio in the RCP-8.5 simulation
for 2005 when 25% of the megacity emissions are redistributed throughout their host countries.
consistent with the projected changes in ozone precursor
emissions under these different scenarios (Fig. 1), and simi-
lar to the changes in tropospheric ozone noted by Lamarque
et al. (2011) from transient simulations using the same set of
four RCP scenarios. The tropospheric background ozone in-
creases throughout the 21st century in RCP-8.5 despite slight
decreases in emissions of CO, NOx and NMVOC (Fig. 1)
due to the increasing mixing ratios of methane under this
scenario (Lamarque et al., 2011). The percentage changes
in tropospheric ozone from each future base run compared
with the 2005 base run are also shown in Fig. S4 of the
Supplement to this article. There are regional differences be-
tween the different scenarios, but by 2100 all scenarios ex-
cept RCP-8.5 and RCP-8.5-P show widespread decreases in
tropospheric ozone column density. The geographical distri-
bution of changes in the ozone column density, and therefore
also of radiative forcing due to ozone are almost identical in
RCP-8.5 and RCP-8.5-P, indicating that the choice of down-
scaling method is not important for global chemistry-climate
simulations.
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Table 2. Global, tropospheric average ozone column density
(×1018 moleculescm−2) from the base model runs, and the per-
centage reduction in column density when megacity emissions are
removed (in parentheses).
2005 2030 2050 2100
RCP-8.5 0.75 (0.84) 0.80 (0.55) 0.82 (0.29) 0.87 (0.18)
RCP-8.5-P – 0.79 (0.72) 0.82 (0.52) 0.87 (0.38)
RCP-6.0 – 0.74 (0.93) 0.74 (0.89) 0.66 (0.59)
RCP-4.5 – 0.77 (0.87) 0.75 (0.70) 0.69 (0.45)
RCP-2.6 – 0.72 (0.92) 0.71 (0.84) 0.60 (0.62)
Compared with the expected future changes in tropo-
spheric ozone column density and the differences between
the various future scenarios, the effect of masking the emis-
sions from megacities in each of these base runs is very
small. The changes in global, tropospheric ozone column
densities due to megacity emissions reported in Table 2 are
relatively modest (changes of about 0.2 to 0.9%, with a
0.84% change for the 2005 base run) compared with the per-
centage of ozone precursors emitted from the megacity grid
cells(2–10%,Fig.3).ButlerandLawrence(2009)alsonoted
a disproportionately small impact of emissions from megac-
ities on tropospheric ozone.
The change in tropospheric ozone column density in the
2005 base run due to the masking of emissions from megac-
ities (the “annihilation” scenario) is shown in Fig. 5, middle
panel. There is a fairly uniform reduction of between 0.5%
and 1% globally, with regions of greater reduction close to
tropical megacities, emissions from which are more likely to
betransportedverticallybydeepconvection(Lawrenceetal.,
2007). Masking generally has a similar effect on each of the
future scenario base runs, with the exception of the future
scenario runs using RCP-8.5, in which the effect of masking
the megacities decreases more quickly than the other scenar-
ios. This is consistent with the declining percentage of emis-
sions due to megacities under this scenario, as seen in global
average in Fig. 3, which is due to the changes in the under-
lying distribution of the sector-based emissions in this sce-
nario caused by the downscaling method (Sect. 2.3). Even
when the percentage of terrestrial anthropogenic emissions
due to megacities is held constant at 2005 levels by using
proportional downscaling in the RCP-8.5-P scenario, the im-
pact of megacity emissions on tropospheric ozone still de-
creases throughout the 21st century (Table 2). This is con-
sistent with the overall decline in terrestrial anthropogenic
emissions under RCP-8.5 relative to non-terrestrial anthro-
pogenic emissions (Fig. 2) as well as the increasingly pol-
luted global background due to increasing amounts of CH4,
as noted by Lamarque et al. (2011).
By 2100, the RCP-2.6 scenario shows a larger global im-
pact of megacity emissions on tropospheric ozone column
density than any of the other scenarios studied here (Ta-
ble 2), due to the cleaner global background and the rel-
ative importance of terrestrial anthropogenic sources com-
pared with other scenarios (Fig. 2). The lack of any change in
the underlying per-sector emissions distribution under RCP-
2.6 (Fig. 4) due to the proportional downscaling method used
in its construction may mean that megacity emissions, and
therefore their global impact, are overestimated in RCP-2.6
(as may be the case in any scenario created using propor-
tional downscaling).
The results from these “annihilation” model runs are con-
sistent with those of Butler and Lawrence (2009), who used
essentially the same methodology. In the current study the
previous work is extended by employing a redistribution
methodology, as explained in Sect. 3. The effect of a 25%
redistribution of emissions from megacity grid cells into the
remaining grid cells within each host country on the ozone
mixing ratio in the lowest model level is shown for the 2005
base run in Fig. 5, bottom panel. The effect on global tropo-
spheric ozone from the redistribution of megacity emissions
is negligible. Total global emissions of ozone precursors are
not affected by the redistribution of emissions. The effects of
the redistribution are greatest in the lowest model layers in
the model grid cells which contain these megacities.
4.2 Megacity grid cell scale
The ozone in these megacity grid cells is examined in more
detail in Figs. 6, 7 and 8. Previous work (Butler et al., 2008)
has shown that individual megacities, which typically occupy
about three 0.5×0.5◦ emissions grid cells, can be poorly
represented in global emissions inventories; compared with
detailed city-scale inventories, emissions from individual
megacities can be over- or underestimated by a factor of two.
For this reason, the analysis presented here does not focus on
any individual megacities, but instead examines the collec-
tive features of all megacities taken together. Figure 6 shows
the seasonal cycle of monthly average ozone mixing ratio
from all of the megacities considered in this study in the 2005
basemodelrun(leftpanel),alongwiththepercentagechange
in ozone mixing ratio from the 2005 “redistributed” run com-
pared with the 2005 base run (right panel).
Figure 7 shows the percentage change in ozone mixing ra-
tio from all future scenario base runs relative to the 2005 base
run. All scenarios show a large relative increase in ozone
mixing ratios in megacities higher than 45◦ latitude in the
winter months. This is consistent with decreasing emissions
of NO (Fig. 1) leading to less titration of background ozone
during this time, although absolute ozone levels in these grid
cells in winter time are not especially high compared with
the summer months (Fig. 6). By 2100, summertime ozone
has decreased in the megacity grid cells by up to 40% in all
scenarios except both versions of RCP-8.5, where summer-
time ozone actually increases relative to 2005 in the megacity
grid cells. This is despite the strongly decreasing emissions
of ozone precursor emissions in these megacity grid cells un-
der the standard version of RCP-8.5 (Sect. 2.3) due to the
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Fig. 6. Left panel: seasonal cycle of monthly mean ozone mixing ratio in model grid cells containing a megacity. Right panel: percentage
change in monthly mean megacity ozone mixing ratio when megacity emissions are reduced by 25% and redistributed throughout the host
countries. Means are presented for cities in latitude bands given by the color scale. Bars denote one standard deviation from the mean.
downscaling methodology used. The increased tropospheric
background ozone under RCP-8.5 and RCP-8.5-P (Table 2)
contributes to increased year-round ozone in the megacity
gridcellsunderthesescenarios,whereasthedecreasedtropo-
spheric background ozone in all other scenarios contributes
to decreased summertime ozone in megacities.
4.3 Megacity sensitivity to local emissions
The effects of the redistribution of megacity emissions on the
ozone mixing ratio in the megacity grid cells are shown as a
percentage change (calculated as (Rred−Rbase
Rbase )×100, where
Rbase and Rred are the ozone mixing ratios in the base and
redistributed cases respectively) for 2030, 2050, and 2100
using all future RCP scenarios in Fig. 8. Under all future
scenarios, the effect of the 25% emissions redistribution de-
creases relative to its size in 2005 (Fig. 8). This indicates that
the ozone mixing ratio in these megacity grid cells becomes
less sensitive to the local emissions from these grid cells un-
der all future scenarios, and more inﬂuenced by ozone pro-
duced external to the megacities than under present-day con-
ditions.
Outofallthefuturescenarios,theRCP-8.5scenarioshows
the lowest inﬂuence of local megacity emissions on the local
surface ozone mixing ratio. This is due to the changes in the
underlying per-sector emissions distributions under RCP-8.5
due to the downscaling methodology employed (Sect. 2.3),
in which emissions from megacity grid cells contribute less
to the total anthropogenic emissions of ozone precursors than
under all other scenarios (Fig. 3). Under the RCP-8.5-P sce-
nario, in which the standard RCP-8.5 scenario was modiﬁed
to use a proportional downscaling methodology, the inﬂu-
ence of megacities on their own air quality is higher than un-
der RCP-8.5, due to the greater emissions from megacity grid
cells which result from this downscaling method. Compared
with 2005, however, megacities in RCP-8.5-P are more inﬂu-
enced by external air quality by 2100, due to the increase in
the background ozone mixing ratio over the 21st century (Ta-
ble2andFig.7).Botheffectscontributetothelowsensitivity
of megacity ozone to changes in local emissions under RCP-
8.5: the reduction of emissions from the megacity grid cells;
and the increase in the polluted tropospheric background.
Under the cleanest scenario, RCP-2.6, the local inﬂuence
of megacity emissions on ozone air quality remains the high-
est by the year 2100 compared with all other scenarios. This
is consistent with the lower background ozone mixing ratio
in this scenario (Table 2), and the increase in the propor-
tion of anthropogenic NO emissions due to megacities un-
der RCP-2.6 (Fig. 3), which is related to the especially large
global decline in NO emissions from shipping and aircraft
(Fig. 2). The use of the proportional downscaling method-
ology in RCP-2.6, leading to the lack of any change in the
underlying per-sector emissions distribution, probably also
contributes to the relatively high inﬂuence of megacities on
their own air quality in RCP-2.6. The use of an alternative
downscaling methodology, in which emissions controls are
assumed to be implemented in highly populated areas, could
be expected to lower the sensitivity of megacity ozone air
quality under RCP-2.6 to local emissions, analogous to the
difference between RCP-8.5 and RCP-8.5-P (Fig. 8).
5 Conclusions
Megacities have a modest inﬂuence on global tropospheric
ozone. Under near-present-day conditions, as represented by
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Fig. 7. Percentage difference in the seasonal cycles of monthly average surface ozone mixing ratio in megacity
grid cells compared with the 2005 base run. Left to right: years 2030; 2050; and 2100. Top to bottom: RCP-8.5;
RCP-8.5-P; RCP-6.0; RCP-4.5; and RCP-2.6. Lines for each latitude band are coloured as in Fig. 6.
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Fig. 7. Percentage difference in the seasonal cycles of monthly average surface ozone mixing ratio in megacity grid cells compared with the
2005 base run. Left to right: years 2030; 2050; and 2100. Top to bottom: RCP-8.5; RCP-8.5-P; RCP-6.0; RCP-4.5; and RCP-2.6. Lines for
each latitude band are coloured as in Fig. 6.
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Fig. 8. Percentage change in surface ozone in megacity grid cells when megacity emissions are reduced by
25% and redistributed throughout the host countries. Left to right: years 2030; 2050; and 2100. Top to bottom:
RCP-8.5; RCP-8.5-P; RCP-6.0; RCP-4.5; and RCP-2.6. Lines for each latitude band are coloured as in Fig. 6.
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Fig. 8. Percentage change in surface ozone in megacity grid cells when megacity emissions are reduced by 25% and redistributed throughout
the host countries. Left to right: years 2030; 2050; and 2100. Top to bottom: RCP-8.5; RCP-8.5-P; RCP-6.0; RCP-4.5; and RCP-2.6. Lines
for each latitude band are coloured as in Fig. 6.
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the year 2005 from the RCP-8.5 “business as usual” emission
scenario, emissions from megacities contribute 0.84% to the
global average tropospheric ozone column density, which is
proportionally smaller than the 6% of global anthropogenic
ozone precursor emissions (or 4% of total global anthro-
pogenic and natural NO emissions) due to megacities. Un-
der RCP-8.5 the megacity proportion of total anthropogenic
emissions declines still further throughout the 21st century,
due to the spatially explicit downscaling method used to pro-
duce the scenario, in which the distribution of population in
each country changes dynamically throughout the 21st cen-
tury, and the emissions reduction measures modelled as part
of the scenario are allocated gridcell-by-gridcell within each
country in a way which minimises the exposure of the popu-
lation to pollutants. This leads to a future shift of land based
anthropogenic emissions away from their present day hot
spots, especially megacities. Combined with an increase in
the global background tropospheric ozone amount, this leads
to a decline in the future contribution of megacities to tropo-
spheric ozone under the RCP-8.5 scenario to 0.18% by the
year 2100.
In contrast, the “cleaner” RCP-2.6 scenario, while also
calculating a fully consistent socioeconomic future sce-
nario including measures to reduce greenhouse gases and
ozone precursor emissions, uses a much simpler proportional
downscaling method, which assumes that the geographical
distribution of population and emissions remains constant
throughout the 21st century. The result of this downscaling
is that the megacity proportion of total anthropogenic emis-
sions does not decline into the 21st century, but in fact in-
creases due to a projected decline in emissions from air-
craft and shipping. Combined with cleaner background tro-
pospheric ozone conditions in RCP-2.6, the global impact of
megacities reaches 0.92% in 2030 before falling to 0.63% in
2100.
The use of a novel emissions redistribution methodology
in this study has allowed the study of the extent to which
ozone air quality in megacities is inﬂuenced by the local
emissions from the megacities themselves, compared to the
inﬂuence of ozone produced outside of the megacities. Under
all future scenarios, the inﬂuence of megacities on their local
air quality decreases throughout the 21st century; megacity
ozone air quality under all future scenarios becomes more
strongly inﬂuenced by ozone production external to those
cities, especially when the geographical distribution of future
emission controls is taken into account. A contribution from
externally produced ozone has already been suggested as a
signiﬁcant inﬂuence on ozone air quality in the megacities of
the developed world, and the analysis presented here shows
that this is projected to continue in the developing world
under the RCP scenarios, especially RCP-8.5. An assess-
ment of possible effects on tropospheric ozone of changes
in biogenic emissions of NOx and NMVOC, or changes in
atmospheric circulation patterns and corresponding changes
in stratosphere-troposphere exchange or production of light-
ning NOx is beyond the scope of this study. Changes to
the tropospheric ozone budget due to these other factors
would be expected to inﬂuence our results quantitatively but
not qualitatively. Nevertheless, results presented here suggest
that understanding background tropospheric ozone will be-
come more important throughout the 21st century.
Despite the broad similarities between the ozone precursor
emissions from the RCP scenarios, it has been shown here
that differences in the way the scenarios are constructed can
inﬂuence the results of this analysis. The spatial downscaling
method in particular plays an important role. The RCP-8.5
scenario, which explicitly considers the movement of popu-
lations within countries and the locations in which emissions
controls will be implemented, shows a much higher inﬂu-
ence of the regional background ozone on local air quality in
megacities than the other scenarios which do not explicitly
consider these effects, including a modiﬁed version of the
RCP-8.5 scenario itself.
This highlights a deﬁciency in many current emissions
projections: the geographical distribution of the emissions.
Emissions datasets for use in global modelling studies such
as the RCP scenarios are not constructed with such appli-
cations in mind as the study of regions as geographically
small as megacities, or indeed for the study of air quality at
any scale, but rather for long term coupled chemistry-climate
simulations. For these applications the details of the spatial
distribution of emissions within countries is not important;
simulations using future emissions from the spatially-explicit
RCP-8.5 scenario redistributed with the present-day emis-
sions pattern produce ﬁelds of tropospheric ozone which for
the purposes of radiative forcing calculations are essentially
the same. There is, however, growing interest in the study
of urbanisation, the health effects of the exposure of popula-
tions to air pollutants, and the interactions of these processes
with climate change. In order to study these effects, sets of
emissions scenarios are required which are geographically
resolved enough to be useful at small scales, representative
of a range of possible emissions control regimes and urbani-
sation patterns, and consistent with the broader range of pro-
jections being used in climate studies.
Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/12/
4413/2012/acp-12-4413-2012-supplement.pdf.
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